ABSTRACT. The silkworm Bombyx mori L. is particularly susceptible to virus diseases, especially B. mori nucleopolyhedrovirus (BmNPV). Disease resistance, along with high productivity, are important selection criteria for developing commercial hybrids of B. mori. We used bioassays and molecular markers linked to susceptibility/resistance to baculovirus infection to analyze the response of commercial B. mori hybrids from two companies to a geographic isolate of B. mori multiple nucleopolyhedrovirus (BmMNPV) from Paraná State in Brazil. Both of these commercial lines were highly susceptible to BmMNPV, with death rates of 92 and 94%. A polymorphic fragment of approximately ~350 bp, associated with susceptibility, and an ~800-bp fragment, associated with resistance to BmMNPV, were detected in all specimens. An additional fragment of 480 bp, recently identified by our research team as a BmMNPV genomic sequence, was detected in the infected silkworms and could be used as a molecular marker for the diagnosis of nucleopolyhedrovirus infection.
INTRODUCTION
Bombyx mori L. (silkworm) diseases cause great economic losses to sericulture, an important agricultural activity in Brazil and the world. The silkworm nucleopolyhedrovirus (BmNPV) is a highly infective virus and one of the most important virus diseases causing larval death. BmNPV is a member of the Baculoviridae family and has an enveloped, circular and double-stranded DNA of 130 kbp, associated with a protein capsid, which forms the nucleocapsid (Barrett et al., 1998) .
Nucleopolyhedroviruses have two distinct morphological forms: the budded virus, causing cell-by-cell systemic infection in the insect, consists of a single-enveloped nucleocapsid, the polyhedral-derived virus comprises multiple nucleocapsids occluded in a crystalline matrix mainly composed of polyhedron protein. The latter causes the horizontal transmission of the disease, insect to insect, after being ingested by the host (Zhou et al., 2005) . NPV is polyorganotrophic, and several tissues have been pinpointed as specific targets of infection (Adams and McClintock, 1991; Brancalhão et al., 2002; Torquato et al., 2006; Pereira et al., 2008) . Brancalhão (2002) recovered from B. mori larvae a geographic NPV isolate in the State of Paraná, Brazil, characterized as a B. mori multiple nucleopolyhedrovirus (BmMNPV). The state accounts for 90% of the Brazilian production of green cocoons, and this isolate belongs to a multiple subgroup, which is a more virulent genotype due to the high rate of nucleocapsids per envelope (Zhou et al., 2005) .
B. mori silkworm strains differ considerably with respect to BmNPV resistance. It is controlled by the activity of many genes, which produce proteases and lipases present in B. mori gastric juice, against the viral infection (Ponnuvel et al., 2003; Nakazawa et al., 2004) . Polygenic control detects dominant genes and multiple micro-effector genes, which makes the understanding of the inheritance of resistance to BmNPV very difficult (Goldsmith et al., 2005) . Studies on B. mori polymorphism will be of importance in genetic improvement programs for the characterization of pure strains and their hybrids and for obtaining an elite hybrid that would have the best traits for production and survival (Fernandez et al., 2005) . B. mori genetic polymorphism has been detected by several molecular markers. In fact, the mapping of its genome has revealed inheritance pattern (homozygous and heterozygous), and the genetic distance between the several strains cultivated worldwide (Goldsmith et al., 2005) .
Random amplified polymorphic DNA (RAPD) markers are the most important among molecular markers (Williams et al., 1990) since they reveal DNA polymorphisms among genetically related individuals. RAPD markers in loci nsd-1 (Abe et al., 1995) and nsd-2 (Abe et al., 2000) have been related to the silkworm's resistance to densonucleosis virus. A similar strategy has been used to identify the NPV, another important silkworm genotype virus (Yao et al., 2003) .
The present study examined the biological response of commercial B. mori hybrids from two companies in Brazil when submitted to inoculation with BmMNPV and determined the molecular markers associated with virus resistance and/or susceptibility in these silkworms.
MATERIAL AND METHODS

Commercial hybrids of Bombyx mori
Commercial hybrids at the third instar of development were obtained from two companies (Co.A and Co.B), which commercialize the silkworm in the State of Paraná, Brazil. Larvae from each company were divided into two groups: one group was inoculated with Bm-MNPV and the other was the control. Silkworms were raised until the end of their life cycle and fed three times a day with fresh mulberry leaves (Morus sp).
Biological assay
Since B. mori susceptibility to pathogens may be affected by several external factors (Sengupta et al., 1990) , parameters proper to normal development on the silkworm farms were maintained during silkworm breeding in the laboratory. BmMNPV inoculum was obtained from previously infected B. mori larvae (Brancalhão et al., 2000) , and viral suspension was 1.4 x 10 6 polyhedral occlusion bodies/mL. The experiments were carried out with 50 silkworms of the fifth instar larval, and for each group (Co.A and Co.B) the inoculation was carried out 24 h after ecdysis. They were fed on mulberry leaf discs (2 cm in diameter) previously sprayed with BmMNPV viral suspension, whereas the silkworms of the control group were fed on mulberry leaf discs sprayed with filtered water.
DNA extraction
DNA was extracted from a pair of silk glands from five control and five BmMNPVinoculated larvae, from the two groups, dissected on the seventh day postinoculation (dpi) and previously stored in absolute isopropyl alcohol at -20ºC. The protocol for genomic DNA extraction was followed as described by Monesi et al. (1998) , with modifications. Briefly, a pair of silk glands was solubilized in 1 mL extraction buffer (50 mM Tris-HCl, pH 8.0, 5 mM EDTA, pH 8.0; 1.5% sarcosyl, 10 mM NaCl, and 1.0 mg/mL proteinase K) at 60ºC for 3 h. Biological material was then purified with an equal volume of phenol, pH 8.0, and phenol/ chloroform, precipitated with ethanol and resuspended in TE (10 mM Tris-HCl, pH 8.0, and 1 mM EDTA, pH 8.0) with RNase A (50 µg/mL) (Invitrogen).
Obtaining susceptibility and resistance bands by RAPD
Primers OPA-18 (5'-AGGTGACCGT-3') and OPY-11 (5'-CTGATGCGTG-3'), Operon Technologies, described by Yao et al. (2003) , were used to obtain the RAPD profile of the commercial hybrids as marker linked to resistance and susceptibility to the NPV, respectively.
Amplification by polymerase chain reaction was undertaken in a reaction mixture with 20 μL as a final volume comprising 10X buffer Taq polymerase (20 mM Tris-HCl, pH Susceptibility of commercial B. mori hybrids to BmMNPV 8.0, 0.1 mM EDTA, 1 mM DTT, 50% (v/v) glycerol, as stabilizers) (Invitrogen), 0.75 mM MgCl 2 , 200 μM dNTPs and 1.25 µM primer, 1 U Taq DNA polymerase (Invitrogen) and 20 ng genomic DNA. The reaction was carried out under the following conditions: 38 cycles and a final extension of 72ºC for 10 min. Each cycle consisted of denaturation at 94ºC for 30 s, 38ºC for 60 s and 72ºC for 120 s. Polymerase chain reaction products were visualized on 1.5% agarose gels or on 6% polyacrylamide gels. Polyacrylamide gels were pre-run for 12 to 16 h with 1X TBE buffer (45 mM Tris-borate, 1 mM EDTA, pH 8.0) and photographed in UVP Bio-Imaging System using a UV transilluminator.
RESULTS
BmMNPV infection symptomology
Analysis of fifth-instar commercial B. mori hybrids, experimentally inoculated with BmMNPV, revealed several characteristic symptoms caused by baculovirus disease, which were consistently repeated in all experiments and which were absent in control larvae.
Appetite decrease and loss were observed in larvae between the third and fourth dpi (Table 1) . Gradual change in tegument color, from white in silkworm control to white-yellow, indicated the disease's first external sign. Change occurred on the fourth dpi in the Co.B group and on the fifth dpi in the Co.A group. Swelling of intersegmentary membranes was visible between the fifth and seventh dpi in Co.A, and between the fourth and sixth dpi in Co.B. Control silkworm always moved toward feed and remained there while feeding or resting, whereas inoculated larvae revealed a random movement marked by bluish-white liquid traces. The larvae sought the highest points of the breeding box, revealing an obvious negative geotropism. Pronounced tegument fragility was reported in the final stage of infection, between the sixth and eighth dpi. Moreover, in some cases, the tegument was ruptured with the spilling of a bluish-white hemolymph.
The death rate was 62% in the Co.A group and 76% in the Co.B group in the larval stage ( Figure 1 ) and happened between the fifth and the eighth dpi. Some died hanging upside down, fixed to the highest points of the breeding box by their false abdominal feet. In most cases, there was a spontaneous rupture of the tegument at death, with the spilling of a whitish L.F.C. Ribeiro et al. liquid from the body. Infected larvae had a softly, white-yellow body that darkened as time passed, becoming totally black 24 h after death. Figure 1 . Bombyx mori multiple nucleopolyhedrovirus inoculation bioassay. Analysis involved commercial hybrids of two sericulture companies, Co.A and Co.B, which were inoculated after ecdysis at the 5th instar by viral suspension (1.4 x 10 6 polyhedral occlusion bodies/mL). Symptoms were observed daily (Table 1 ) and frequency of dead rate was observed in larva and pupa stages. Control silkworms showed a death rate of 5% only in larval stage (data not shown).
While the larvae of the control group of the two companies started making cocoons on the seventh day, 38% of the experimentally inoculated silkworms of the Co.A group and 24% of the Co.B group started making cocoons after this time, showing a prolongation of the larval stage. Cocoons produced by the two inoculated groups revealed flaws and internal blemishes. Some silkworm died soon afterwards and did not finish the cocoon. Emergence of moths occurred in 8% of cocoons in the Co.A group, whereas this occurred in only 6% of cocoons in the Co.B group. Emergence occurred at approximately fifteen days after the start of cocoon building. Emergent moths were apparently normal with a complete life cycle. Control silkworms showed a death rate of the 5% only in larval stage (data not shown).
Analysis of markers associated with susceptibility and resistance to BmMNPV
Genomic DNA of commercial hybrids Co.A and Co.B was extracted from silk glands of five control and five experimental specimens at the seventh dpi to detect specific RAPD bands to susceptibility and/or resistance to BmNPV, as described by Yao et al. (2003) . Primer OPY-11 was employed to amplify a polymorphic fragment of ~350 bp, described as being associated with the silkworm's susceptibility. This fragment was detected in all specimens analyzed here ( Figure 2A and B, OPY-11(S). Yao et al. (2003) also reported the presence of an RAPD polymorphic fragment of ~700 bp from primer OPA-18, which is linked to B. mori's resistance to BmNPV, amplified in the parental strain and confirmed by analysis of several generations through backcrossing. The analysis carried out on our specimens failed to show amplification of this described fragment. When our research team recently analyzed specimens of B. mori from parental strains, this fragment was also not detected (Zanatta, 2006) . However, a polymorphic band of ~800 bp, which is not always detected in different strains, was associated with resistance to BmMNPV (Zanatta, 2006) . A faint fragment with ~800 bp was observed in all specimens when hybrids of both companies were analyzed ( Figure 3A and B, OPA-18(R). However, the bioassay shows that 92% (Co.A) and 94% (Co.B) of the silkworms analyzed here were susceptible to BmMNPV and the occurrence of the ~800-bp fragment alone is not sufficient for the establishment of resistance. An unexpected result was the detection of an additional fragment only in the amplified DNA of the specimens experimentally inoculated with BmMNPV ( Figure 3A and B, BmMNPV (480 bp). Recently, this fragment was cloned and sequenced by our research team (Pereira et al., 2008) . These results showed that this sequence belongs to ORF 14 of the BmNPV, whose product is probably related to a protein of the viral envelope. Random amplified polymorphic DNA profile produced by OPY-11 primer. Genomic DNA from silk glands of the five control (lanes 1-5) and five inoculated (lanes 6-10) by Bombyx mori multiple nucleopolyhedrovirus (BmMNPV) specimens from commercial B. mori hybrids of Co.A and Co.B was purified and amplified with OPY-11 primer (details in Material and Methods). A fragment with ~350 bp, associated with susceptibility to BmMNPV was detected in all specimens, OPY-11(S). P = B. mori parental strain (Chinese matrix) was used as negative control for this polymorphic fragment; C = negative control for amplification reaction on 1.5% agarose gel. M = 100-bp ladder molecular weight marker (Invitrogen).
DISCUSSION
Symptomologic analysis of B. mori commercial hybrids demonstrated a classical NPV-caused infection (Granados and Williams, 1986; Adams and McClintock, 1991; Brancalhão, 2002; Rahman and Gopinathan, 2004) . During all its stages of development (egg, larva, pupa, and moth), B. mori is susceptible to NPV infection (Goldsmith et al., 2005) . When infection occurs at the first instar, the larvae may die within 1 to 2 dpi; after the third instar, Figure 3 . Random amplified polymorphic DNA profile produced by OPA-18 primer. Genomic DNA of silk glands of the five control (lanes 1-5) and five inoculated (lanes 6-10) by Bombyx mori multiple nucleopolyhedrovirus (BmMNPV) specimens from commercial B. mori hybrids of Co.A and Co.B was purified and amplified with OPA-18 primer (details in Material and Methods). A fragment with ~800 bp, associated with resistance to BmMNPV was detected in all specimens, OPA-18(R). P = B. mori parental strain (Chinese matrix) was used as positive control for this polymorphic fragment; C = negative control for amplification reaction on 6% polyacrylamide gel. M = 100-bp ladder molecular weight marker (Invitrogen). symptoms fail to appear for several days after the ingestion of pathogen (Brancalhão, 2002; Rahman and Gopinathan, 2004) .
There are many explanations for such time variations in symptom manifestation, or rather, the development phase in which larvae are incubated, the amount of virus ingested and its virulence (Granados and Williams, 1986; Hanada and Watanabe, 1986) , and insect strains, which may be more susceptible to NPV (Ponnuvel et al., 2003; Nakazawa et al., 2004) .
As reported in the present study, the first signs of metabolic dysfunction are loss of appetite and changes in tegument color and in behavior of larvae (Adams and McClintock, 1991; Bilimoria, 1991; Torquato et al., 2006) . Similar to reports by other authors (Hanada and Watanabe, 1986; Brancalhão et al., 2002; Brancalhão and Ribeiro, 2003) , these experiments showed that infected larvae seek the highest places in breeding boxes and thus reveal negative geotropism.
Changes in tegument coloring of commercial B. mori hybrids are due to infection and lysis of susceptible tissues, mainly the fatty ones. In fact, these are the NPV's preferential targets, as many authors have reported (Bilimoria, 1991; Adams and McClintock, 1991; Brancalhão et al., 2002; Brancalhão and Ribeiro, 2003) .
Swelling of intersegment membranes and tegumental fragility, with frequent ruptures, are common features in NPV baculovirus-caused infections (Adams and McClintock, 1991; Brancalhão et al., 2002; Brancalhão and Ribeiro, 2003; Torquato et al., 2006) . Ohkawa et al. (1994) and Hawtin et al. (1997) state that probably cathepsin and chitinase, present in the genome of NPVs, may be the enzymes that cause degradation of the insect's cuticle in the later stages of infection. Hanada and Watanabe (1986) and Adams and McClintock (1991) show that histolysis produces a hemolymph rich in polyhedra, cell remains and lipids.
Prolongation of the larval stage reported in BmMNPV-inoculated hybrids may be due to the viral gene EGT (ecdysteroid UDP-glycosyltransferase), which decomposes ecdysone (molting hormone) and thus an increase in the life of the larva (O'Reilly and Miller, 1990) . As expected, prolongation of larval stage causes the virus to infect a larger number of NPVsusceptible cells and tissues with an increase in viral progenies (Tanada and Kaya, 1993) .
Biological assays showed that the geographic BmMNPV isolate is highly virulent to commercial hybrids distributed in Brazil for sale. This fact is surmised from the high mortality rate of larvae from both companies. It should also be emphasized that infected silkworms are a potential source of virus. Due to the quantity of polyhedrons produced (Granados and Williams, 1986; Sengupta et al., 1990; Bilimoria, 1991) , prevention measures are of importance to avoid transmission and spread in B. mori breeding houses and in mulberry leaves (Brancalhão, 2002) .
A previous study of B. mori parental strains carried out in our laboratory showed that only Japanese strains amplify an ~350-bp band associated with NPV susceptibility (Zanatta, 2006) . Although they are the largest silk producers, more than the Chinese, Japanese strains are less resistant to several field factors, which include resistance to viral diseases. Since commercial hybrids are derived from crossings between Japanese and Chinese strains, the detection of this fragment in hybrid specimens is expected.
The ~800-bp fragment, associated with baculovirus-resistance, has been observed in all ten hybrid specimens analyzed in the present study. The results may indicate that absence of these susceptibility/resistance markers is less than 10% of the commercial hybrid population currently distributed in Brazil. Yao et al. (2003) reported that absence frequencies of 12.5% for the susceptible-associated band (~350 bp) and of 17% for the resistance-associated band (~700 bp) were determined in the case of F2 individuals, product of crossings of parental strains formed by highly resistant specimen, strain NB, and susceptible to BmNPV (strain 306). Since commercial hybrids were obtained by crossing of parental strains whose origin is a classified material by sericulture companies, frequency (less than 10%) reported in the present analysis may be true for the population studied. When 16 parental strains were analyzed, our research group estimated the frequency absence for the susceptibility band at 6 and 19% for the resistance one (Zanatta, 2006) .
In conclusion, the analysis of hybrid silkworms showed fragments identified as susceptibility/resistance molecular markers. Commercial hybrids distributed in Brazil are susceptible to the geographic BmMNPV isolate with higher death rate during the larval stage, without any difference between the hybrids from the two companies. The additional ~480-bp fragment, identified with the OPA-18 primer in RAPD amplification conditions, could be used as a molecular marker in the diagnosis of nucleopolyhedrovirus-caused infection.
